RNA interference (RNAi) is a sequence-specific gene-silencing mechanism triggered by exogenous dsRNA. In plants an RNAi-like mechanism defends against viruses, but the hypothesis that animals possess a similar natural antiviral mechanism related to RNAi remains relatively untested. To test whether genes needed for RNAi defend animal cells against virus infection, we infected wild-type and RNAi-defective cells of the nematode C. elegans with vesicular stomatitis virus engineered to encode a GFP fusion protein. We show that upon infection, cells lacking components of the RNAi apparatus produce more GFP and infective particles than wild-type cells. Furthermore, we show that mutant cells with enhanced RNAi produce less GFP. Our observation that multiple genes required for RNAi are also required for resistance to vesicular stomatitis virus suggests that the RNAi machinery functions in resistance to viruses in nature.
G
ene silencing by RNA interference (RNAi) occurs largely through sequence-specific destruction of target messenger RNA (reviewed in refs. 1 and 2). Enzymes of the Dicer class cut dsRNA into short fragments known as small interfering RNAs, which direct cleavage of cognate ssRNA. Proteins of the Argonaute family required for RNAi might be responsible for this RNA cleavage (3) . Both Dicer and Argonaute are conserved in a wide range of organisms that have RNAi, including plants, mammals, and C. elegans. Screens in C. elegans have identified many additional components involved in RNAi (4, 5) , making C. elegans the organism with the greatest number of known parts of the RNAi apparatus.
Many viruses produce some dsRNA as a byproduct of their replication (reviewed in ref. 6) , and dsRNA has long been known to be a potent trigger of nonspecific antiviral responses in mammalian cells involving the dsRNA-dependent protein kinase PKR and the 2Ј,5Ј-oligoadenylate synthetase͞RNase L system (reviewed in refs. 6 and 7). Because only traces of dsRNA are needed to trigger RNAi (8) , it is widely assumed that one function of RNAi in animals is antiviral defense, and indeed, some animal viruses encode dsRNA-sequestering proteins, analogous to the RNAi inhibitors that are encoded by many plant viruses as an apparent countermeasure to host RNAi (reviewed in refs. 7 and 9-11). However, it is as yet unclear whether the animal virus dsRNA-sequestering proteins are a countermeasure against host RNAi or merely a countermeasure against the nonspecific dsRNA-triggered antiviral responses (reviewed in ref. 6 ).
The idea that components involved in RNAi provide a natural antiviral defense mechanism in animals has been tested in mosquito, but only for a single Argonaute-like gene (12) . To test the role of multiple RNAi factors, we have developed an assay for viral infection of wild-type and mutant C. elegans cells. Because no natural virus of C. elegans is known, we infected worm primary embryonic cells (13) with vesicular stomatitis virus (VSV) (Indiana strain), a rhabdovirus whose natural hosts are biting flies and mammalian livestock. We find that VSV productively infects wild-type cells, that cells mutant for a variety of RNAi components support greater virus production, that genetic enhancers of RNAi suppress viral gene expression, and that the source of the antiviral dsRNA trigger is autonomous to the infected cells.
Materials and Methods
Recombinant VSV Encoding Enhanced GFP-Phosphoprotein Fusion (rVSV::eGFP-P). We constructed the plasmid encoding the rVSV::eGFP-P genome in several steps:
(i) DNA fragments corresponding to the open reading of eGFP and nucleotides 121-1395 and 1399 -3841 of the VSV genome were amplified by PCR from peGFP-N1 (Clontech) and the full-length cDNA clone of VSV [pVSV1(ϩ)] (14), respectively. We fused the three fragments together by PCR and ligated the product into pGEM-T by using the pGEM-T Easy Vector System (Promega). eGFP primers were as follows: 5Ј-gaaaaaaactaacagatatcatggtgagcaagggcg-3Ј and 5Ј-cttttgtgagattatccttgtacagctcgtccatg-3Ј. VSV 121-1395 primers were as follows: 5Ј-gcaaatgaggatccagtgg-3Ј and 5Ј-cgcccttgctcaccatgatatctgttagtttttttc-3Ј. VSV 1399 -3841 primers were as follows: 5Ј-catggacgagctgtacaaggataatctcacaaaag-3Ј and 5Ј-atctcgaaccagacacctg-3Ј.
(ii) We digested the resulting plasmid and pSWINT2 (a plasmid encoding nucleotides 1-3866 of the full-length VSV genome) with BstZ17I and XbaI, followed by ligation of the fragment containing the eGFP-P gene into pSWINT2 (pSWINT2-eGFP).
(iii) pVSV1(ϩ) was digested with AvrII, SphI, and BglI, and the 7,702-bp fragment [corresponding to base pairs 3,717-11,418 of pVSV1(ϩ)] was ligated into the AvrII and SphI sites of pSWINT2-eGFP-P.
(iv) We recovered rVSV::eGFP-P from plasmid DNA and prepared working stocks essentially as described (14) . Because we found that the ability of virus stocks to infect C. elegans cells deteriorates much faster than their ability to infect mammalian cells at 4°C, we divided fresh virus stocks into small aliquots and stored them at Ϫ70°C.
Plaque Assays. We exposed confluent Vero African green monkey kidney cells in 3-cm wells to dilutions of virus in 200 l of medium for 1 h at 37°C with repeated shaking and overlaid the cells with 3 ml of medium containing 0.25% low gelling temperature agarose. After 30-40 h, incubation at 34°C, we fixed the cells in 10% formaldehyde for 1 h, removed the block of medium, and stained with 0.05% crystal violet in 10% ethanol. Medium from uninfected worm cells produced no plaques. Note that multiplicities of infection based on numbers of green fluorescent foci and spots in both wild-type and rde- 1(ne219) worm cell cultures infected with dilute virus are Ϸ1͞50th of those measured by plaque assay of mammalian cells.
C. elegans Cell Culture. We performed C. elegans embryonic cell isolation and cell culture much as described (13) , with some modifications. To prevent bacterial contamination of C. elegans cells, we cultured the synchronized worms in synthetic minimal (S) medium containing Escherichia coli food and purified the gravid worms by flotation on ice-cold 30% sucrose to remove fecal matter and debris before bleaching. Halfway through the bleaching, we transferred the eggs to fresh sterile centrifuge tubes in a laminar flow hood and performed all subsequent manipulations in the flow hood.
We seeded the cells at 3 ϫ 10 6 cells per cm 2 (as determined by counting of Hoechst 33342-stained nuclei on a hemacytometer) in eight-well chambered coverglasses coated with peanut lectin and incubated them at 15°C for storage (up to 20 h) and 27°C for experiments in a sealed humid chamber. We infected C. elegans cells by replacing the culture medium in each 0.64-cm 2 well with 200 l of culture medium containing an appropriate dilution of virus and then incubating at 27°C for 1 h, followed by washing the well one time with fresh medium and then adding 200 l of fresh medium.
GFP Measurement. Unless otherwise stated, we incubated cells at 27°C for 7 days after infection, aspirated the medium, fixed the cells in 2% formaldehyde in PBS for 10 min at room temperature, rinsed once in PBS, stained for DNA for 10 min in PBS containing Hoechst 33342 dye, and then rinsed the cells two more times in PBS. We imaged the cells in a widefield epifluorescence microscope mounted with a charge-couple device camera. To measure relative amounts of GFP and DNA, we collected a linear transect of image pairs of 0.3-ϫ 0.2-mm fields across each well. For each field, we focused on the nuclei in the Hoechst 33342 fluorescence channel, collected an image, and then collected an image blind from the GFP fluorescence channel. We set exposure times to avoid saturation of pixels by the brightest cells, such that the sum of the recorded image is linearly related to the amount of light reaching the camera. To determine background signal for the Hoechst 33342 and GFP channels, we also collected data for unstained and uninfected cells, respectively. The filter set used allows little or no detectable bleedthrough between fluorescence channels. No green fluorescence was visible by eye in uninfected cells, but background signal in the GFP channel due to stray light and fluorescence in the microscope optics (estimated by imaging an empty well) and background signal due to cellular autofluorescence (estimated by imaging uninfected cells; by eye the autofluorescence is distinct from GFP due to the difference in color) were 11% and 8%, respectively, of the total captured light after a typical 7-day infection of wild-type cells at a multiplicity of infection (moi) of 3. Uninfected controls were used in each experiment to correct GFP values for this background signal.
VSV (؊)-Strand Quantitation.
We measured relative concentrations of VSV (Ϫ)-strand RNA in C. elegans cell cultures by quantitative PCR of cDNA. We used the Invitrogen ThermoScript reverse transcriptase kit to make cDNA from RNA extracted from infected C. elegans cells, and the Qiagen Quantitect SYBR Green PCR kit for cDNA amplification. To minimize spurious detection of (Ϫ)-strand copies of viral transcripts produced by C. elegans RNA-directed RNA polymerase activity, we designed the reverse transcriptase primer (primer VSV P͞M forward) such that the cDNA would need to span both the P-M and M-G intergenic regions to produce a PCR product with the PCR primers used (primers VSV M͞G forward and VSV G͞M reverse). To create a standard curve of VSV RNA concentrations, we made serial dilutions of RNA extracted from infected rde-1(219) cells into RNA extracted from uninfected cells. VSV (Ϫ)-strand RNA concentrations were normalized to the VSV (Ϫ)-strand RNA concentration in an RNA extract of uninfected cells where virus had been added at moi ϭ 3 during cell lysis for RNA extraction. Background signal in RNA extracted from uninfected cells ranged from undetectable to 10 Ϫ4 of input RNA. The primers were as follows: VSV P͞M forward primer, 5Ј-tcctgctcggcctgagatac-3Ј; VSV M͞G forward primer, 5Ј-tcctggattctatcagccactt-3Ј; and VSV G͞M reverse primer, 5Ј-ccagtttcctttttggttgtgt-3Ј.
RNAi of Genes in C. elegans Cell Culture. We amplified and agarose gel-purified 600-to 1,400-nt coding cDNA fragments for the C. elegans dpy-10, rde-1, dcr-1, and C04F12.1 genes by RT-PCR, using primers containing an optimal T7 RNA polymerase promoter. We used these DNA fragments as templates for T7 RNA polymerase transcription by using the Epicentre Technologies AmpliScribe kit. We annealed the RNA by heating to 95°C and gradually cooling to room temperature, and desalted and concentrated it by ethanol precipitation. We dissolved the RNA in NTE buffer (100 mM NaCl͞10 mM Tris⅐HCl͞1 mM EDTA, pH 8) and determined the concentration and purity of the dsRNA by UV absorbance spectroscopy and agarose gel electrophoresis with ethidium bromide staining. We stored aliquots of RNA at 1 mg͞ml at Ϫ70°C.
The dpy-10 primers were as follows: 5Ј-ctaatacgactcactatagggagatcaaacgacgaggctg-3Ј and 5Ј-ctaatacgactcactatagggagatatcctggctcaccagattc-3Ј. The rde-1 primers were as follows: 5Ј-ctaatacgactcactatagggagattgacagaacgacatctgac-3Ј and 5Ј-ctaatacgactcactatagggagattgcgctcctctgttttc-3Ј. The dcr-1 primers were as follows: 5Ј-ctaatacgactcactatagggagattgttcgaagcttccttccg-3Ј and 5Ј-ctaatacgactcactatagggagaggttgaagaaggttaagacga-3Ј. The C04F12.1 primers were as follows: 5Ј-ctaatacgactcactatagggagacgagcaatcagctccag-3Ј and 5Ј-ctaatacgactcactatagggagaatggttggctttggca-3Ј.
To reduce expression of specific genes, we replaced the cell culture medium in each 0.64-cm 2 well with 200 l of cell culture medium containing 2 g͞ml dsRNA immediately after the cells settled onto the coverglass and again once every 2 days during the course of the experiment. We chose dpy-10 as a negative control because it encodes a cuticle collagen (15) unlikely to have any effect on virus infection of cultured cells, and because dpy-10 dsRNA has been shown to have no detectable effect on RNAi (5).
Results and Discussion VSV Infects C. elegans Cells. The VSV genome consists of a (Ϫ)-sense ssRNA molecule. We engineered VSV to express an eGFP-P fusion protein (Fig. 1A) . In C. elegans cell culture, the first brightly green fluorescent cells appear 20-24 h after exposure to virus at an moi of 3 (as measured by plaque assay on mammalian cells, see note in Materials and Methods), and fluorescence continues to increase until a peak at Ϸ7 days after infection. The VSV P protein is a cofactor for the viral polymerase and a structural component of the virion. To confirm that the fluorescence we see is due to viral gene expression, we exposed cells to the protein synthesis inhibitor cycloheximide at 24 h after infection. Such treatment inhibits the further accumulation of green fluorescence, indicating that the viral GFP fusion protein gene is being transcribed and translated in the worm cells (Table 1) . To test whether virus is capable of spreading among cells in the culture, we treated infected cells with a neutralizing antibody targeted to the viral attachment glycoprotein. Replacing the medium with medium containing anti-glycoprotein antibody after infection is established reduces the apparent number of infected cells, suggesting that the virus is able to spread from cell to cell ( Table 2 ). Spread of virus among cells in the culture is apparent on infection of cells at an input moi of 0.003 (Fig. 1B) .
Genes Needed for Cell-Autonomous RNAi Inhibit VSV Infection. The first mutant we tested for effects on VSV infection is rde-1(ne219). rde-1 is one of 26 Argonaute-like genes in C. elegans and is required cell-autonomously for RNAi (4) . Infection of rde-1(ne219) mutant cells at an moi of 0.003 results in larger clusters of green fluorescent cells than does infection of wildtype cells (Fig. 1B) , suggesting that wild-type rde-1 inhibits the spread of infection among cells and that at least one cycle of replication, budding, and reinfection occurs in the absence of rde-1. A corresponding increase in titers of infectious virus released into the cell culture medium is observed for the rde-1(ne219) mutant cells (Fig. 1C) infected at an moi of 3. By contrast, wild-type cells produce little virus capable of reinfecting mammalian cells. At an moi of 3, rde-1(ne219) mutant cells produce approximately four times as much GFP as do wild-type cells (Figs. 1D and 2 A) .
We tested four additional C. elegans mutants defective for RNAi: rde-3(ne298), rde-4(ne301), rrf-1(pk1417), and sid-1(qt9) . The first three of these genes are, like rde-1, required cellautonomously for RNAi (4, 16) . rde-3 encodes a member of the polymerase beta nucleotidyltransferase superfamily (17) , and rde-4 encodes a dsRNA-binding protein that forms a complex with Dicer and RDE-1 (18), whereas rrf-1 encodes a predicted RNA-directed RNA polymerase implicated in RNAi trigger RNA amplification (16) . We found that rde-3, rde-4, and rrf-1 are, like rde-1, required for resistance to VSV, as indicated by significantly higher GFP levels in the mutants compared with wild type (Fig. 2A) . sid-1, which encodes a probable dsRNA channel and is required for the cell-to-cell spread of the RNAi signal in intact worms (19, 20) and for the initiation of RNAi in response to exogenous dsRNA in cultured cells (Christina Molodowitch and C.P.H., unpublished data), is dispensable for cell-autonomous RNAi. Importantly, the sid-1(qt9) mutant shows relatively little effect on GFP levels (Fig. 2 A) , indicating that the wild-type cells are not merely responding to traces of free dsRNA contaminating the VSV stock.
As well as measuring GFP production, we determined levels of VSV (Ϫ) strand in infected cells and VSV titers in the culture medium. rde-1(ne219), rde-3(ne298), rde-4(ne301), and rrf-1(pk1417) cells accumulate more VSV (Ϫ)-strand RNA than do wild-type cells (Fig. 2B) . The increased amount of VSV (Ϫ)-strand RNA in RNAi-defective mutants is consistent with an increase in viral genome replication in these cells. The numbers in Fig. 2B are probably a substantial underestimate of genome replication, because we suspect that only a small proportion of the virus used for infection enters the worm cells, survives, or leads to productive infection; the apparent titer of the virus stock for infection of worm cells is Ϸ1͞50th of that for infection of mammalian cells (see note on plaque assays in Materials and Methods). Measurement of VSV (Ϫ)-strand RNA concentrations confirms that only a small fraction of the viral genomic RNA remains 1 h after infection (Fig. 2C) . Like rde-1(ne219) cells, rde-3(ne298), rde-4(ne301), and rrf-1(pk1417) cells produce significantly higher titers of virus than do wild-type cells (Fig. 2D) , indicating that the VSV replication cycle is disrupted by the activity of several genes needed for RNAi. The strong effect of the rde-1(ne219) mutation on virus production is consistent with previous observations that rde-1(ne219) has a greater RNAi defect than rde-3(ne298) and rde-4(ne301) (4) .
In addition to testing mutant strains defective for RNAi, we took the complementary approach of adding dsRNA to wildtype cells to silence genes of interest for which mutant alleles either do not exist or are sterile or lethal. First, we used RNAi to confirm that rde-1 inhibits VSV infection. rde-1 dsRNA added to wild-type cells results in increased viral GFP expression compared with either wild-type cells treated with irrelevant dsRNA or sid-1(qt9) mutant cells treated with rde-1 dsRNA. Similarly, RNAi of dcr-1 or RNAi of C04F12.1 increases viral GFP expression (Fig. 3) . dcr-1 encodes the sole Dicer gene of C. elegans (21, 22) , whereas C04F12.1 is an additional Argonautelike gene recently determined to be required for RNAi (5 (23) (24) (25) would be expected to be more resistant to virus than wild type. To test this, we infected eri-1(mg366), rrf-3(pk1426), and lin-15B(n744) mutant cells with VSV. eri-1 encodes an exonuclease believed to degrade small interfering RNAs in the worm (23) . rrf-3 encodes a predicted RNA-dependent RNA polymerase (24) , but the mechanism whereby rrf-3 inhibits RNAi is unknown. lin-15B encodes a part of the retinoblastoma tumor suppressor (Rb) signaling pathway that has recently been found to limit expression of germline components to the germline and probably inhibits somatic RNAi by blocking misexpression of germline RNAi genes in somatic tissues (25) . eri-1(mg366) and rrf-3(pk1426) cells produce slightly less GFP than wild-type cells whereas lin-15B(n744) mutant and lin-15B(n744);eri-1(mg366) double mutant cells produce dramatically less GFP (Fig. 4) . Thus, it appears that greater-than-normal resistance to VSV can be achieved by mutants that have an abnormally sensitive or robust RNAi apparatus.
Conclusions
We conclude that resistance to VSV is correlated with RNAi. Specifically, we show that several genes required for RNAi, rde-1, rde-3, rde-4, rrf-1, dcr-1, and C04F12.1, are also required for resistance to a virus. For some of these genes, namely rde-1, rde-4, rrf-1, and C04F12.1, no mutant phenotype other than a defect in RNAi was previously known, suggesting that resistance to virus may be a natural and selected function for these RNAi components. These observations imply that the RNAi apparatus may have evolved in part as a nucleic-acid-based innate immune response that confers resistance to some viruses. Although C. elegans lacks the adaptive immunity mechanisms that are well known in vertebrates, it is an excellent model animal to study such mechanisms of innate immunity. This experimental system for viral infection in C. elegans cells opens up the study of viruses to the powerful tools of C. elegans genetics and will allow the rapid identification of genes that affect viral infection.
Note Added in Proof. Wilkins et al. (26) have recently reported similar findings. Fig. 3 . GFP levels in dsRNA-treated wild-type and sid-1(qt9) cell cultures relative to wild type (wt) treated with irrelevant (dpy-10) dsRNA 7 days after infection at moi ϭ 3. Values are ratios of GFP fluorescence to Hoechst 33342 fluorescence, relative to wild type. Error bars represent the 95% confidence interval in t distribution based on samples within one experiment, but data are representative of at least two experiments. Different from dpy-10 dsRNA-treated wild type in two-tailed t tests: rde-1 dsRNA-treated wild type, P ϭ 2 ϫ 10 Ϫ12 ; dcr-1 dsRNAtreated wild type, P ϭ 2 ϫ 10 Ϫ7 ; C04F12.1 dsRNA-treated wild type, P ϭ 7 ϫ 10 Ϫ12 . Different from corresponding sid-1(qt9) cells in two-tailed t tests: rde-1 dsRNAtreated wild type, P ϭ 7 ϫ 10 Ϫ13 ; dcr-1 dsRNA-treated wild type, P ϭ 1 ϫ 10 Ϫ8 ; C04F12.1 dsRNA-treated wild type, P ϭ 7 ϫ 10 Ϫ10 . Fig. 4 . GFP levels in RNAi enhanced mutants relative to wild type 7 days after infection at moi ϭ 6. Values are ratios of GFP fluorescence to Hoechst 33342 fluorescence, relative to wild type. Error bars represent the 95% confidence interval in t distribution based on samples within one experiment, but data are representative of at least two experiments. Different from wild type in twotailed t tests: rrf-3(pk1426), P ϭ 6 ϫ 10 Ϫ4 ; eri-1(mg366), P ϭ 3 ϫ 10 Ϫ4 ; lin-15B(n744), P ϭ 2 ϫ 10 Ϫ8 ; eri-1(mg366);lin-15B(n744), P ϭ 2 ϫ 10 Ϫ8 .
